This paper gives an overview of pre-sliding and pre-rolling friction, showing that it is characterized by rate-independent hysteresis with nonlocal memory. The dynamic behavior in this region can be described by a 'damping ratio'. The scaling law in the normal force is discussed.
INTRODUCTION
Frictional behavior may be divided into two main regimes: presliding /rolling and gross sliding /rolling. During pre-sliding, although there is relative motion, there are still points of unbroken contact and points of micro-slip on the two surfaces of the objects. Above a certain applied tangential force threshold, the system will be critically stable: the rubbing object will suddenly accelerate; all connections are broken, and we have true or gross "sliding" (/"rolling"). It has been observed and shown that the force is predominantly a function of the displacement in the pre-sliding regime having quasi rateindependent hysteresis with nonlocal memory (Figs. 1 and 2 and refs. [1] [2] [3] [4] [5] ), and predominantly a function of the velocity, and its derivatives, in the true sliding regime. The borderline between the two regimes is obviously the "pre-sliding distance" and/or the "breakaway force" (= static friction force) threshold, which are not evident to determine (at least exactly) owing to many factors.
The pre-sliding/pre-rolling phase of friction is important not only for completing our picture of friction behavior, but from a practical point of view also, since it has important implications in areas such as micro-positioning control, structural damping quantification, …etc. However, there is little in the way of theory and models to help the researcher/engineer. This paper first introduces and discusses experimental evidence of both pre-sliding and pre-rolling (hysteresis) friction. Then it presents basic means to model this behavior and one parameter and one law to characterize it. Figures 1-3 show the two fundamental properties of pre-sliding friction hysteresis, namely that (i) it is rate independent and (ii) it has a nonlocal memory character. This latter means that all motion reversal points are remembered by the system so long as the loops remain unclosed. These properties are essential for modeling the dynamics of a system in pre-sliding. Furthermore, Fig. 3 shows a practical way for modeling this behavior, viz. by means of the Maxwell Slip Model [1, [5] [6] [7] [8] .
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Refs. (5, 6) show that pre-rolling has the same characteristics as those of pre-sliding in virtue of the micro-slip caused by creepage. Figure 4 shows how the 'external' hysteresis loops relate to the 'virgin' curve, which is the analytic, continuum representation equivalent to a Maxwell Slip Model with an infinite number of elements.
THE EQUIVALENT DAMPING RATIO AT RESONANCE
Referring to Fig. 4 , if we consider steady periodic motion with constant amplitude A m , then we can define an equivalent stiffness k e ≈ slope of the diagonal of the loop, and an equivalent damping force, c e = loop area divided by 2¡ A m 2 .
From these two system parameters, we can define a dimensionless quantity, the damping ratio at resonance, ζ r , which characterises the dynamic behavior in pre-rolling (/ presliding) as: It is obvious from the above that this quantity is completely determined by the shape of the 'virgin' curve. Furthermore, the authors have shown [5] that it is possible to correlate this quantity systematically with the rolling element's design parameters: geometry, oscullation and load. This latter correlation is depicted in Fig. 5 , where we observe that ζ r (i) is independent of the load and (ii) obeys a power law relationship over a large displacement range, which might indicate a fractal character of the contact.
AMONTONS' LAW AT PRE-SLIDING/ROLLING
Assuming the validity of the Maxwell slip model for the presliding/rolling friction regime, the question then arises: "how does the pre-sliding force relate to (or scale with) the normal load?". If we apply Amontons' law to each block of the Maxwell slip model, we will obtain the result:
, which is, however, inconsistent with experimental observation, namely in that (i) the initial slope of the virgin curve will remain unaltered by an increased normal force, (ii) the pre-sliding distance will increase proportionally with normal load and (iii) the slip force will increase proportionally with the normal load. In practice, both the slope of the hysteresis loop and slip force increase with normal load, but the pre-sliding distance remains approximately unchanged. In order to explain this, we consider elastic contact theory for rough surfaces, in particular the Greenwood and Williamson consideration [9] . Increasing the normal load will lead according to this theory to an increased number of micro-contacts, in the first instance, rather than to an increased load on each single contact. Let us note that the increased number of contacts leads to an increased tangential stiffness (in the same proportion) so that the slope of the hysteresis loop will increase while the pre-sliding distance will be preserved, i.e. ) ,
Further work is necessary to determine the appropriate scaling law for each special case.
CONCLUSION
This paper has given an overview of pre-sliding and pre-rolling friction, showing that they are characterized by rateindependent hysteresis with nonlocal memory. The dynamic behavior in this region can be described by a 'damping ratio'. A scaling law in the normal force is derived and discussed. 
